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Fate and Toxicity of Aircraft Deicing Fluid 
Additives Through Anaerobic Digestion 
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ABSTRACT: Benzotrtazolc derivatives are widely ssed corrector, 
inhibitors and their fkfc dwing waste wbIct treatment processes is 
onkoowtL Tho purpoie of this reioorch vm to study the toxic effccu 
and fuc of the two commercisBy significant bcaxctriazols isomers uaed 
hi aircraft iefcing fluids (4-, and 5-, mecbylbenxoccisaole [McBT]) 
dutiag aaaarobk digestion. Experiments were executed in mtcrocosms 
rang mesoehtttc anaerobip bio maw co-digesting wastewater ahidge and 
pTopytcnt glycol. Sorption of MeBT to dige*ting solids ocmW a* 
sppToarinurted with a Pwmdlicb model, and no anaerobic breakdown of 
either MeBT isomer was detected. Digesters ted more Own 300 i 
MeBT responded with a significant decsease In raethanoget 
activity sod volatile solids production and a eooto mlmu Increase in 
sccunidition of volatile fatty acids. Direct mfceroaooolc fneamresneots 
using fluorescent phylogeneUc probes applied to rf?y*rin g biomsss 
.revealed that members of both Archaca and Bacteria domains were 
. sensitive to MeBT. Granular activated carbon (OAQ (vohrnJe solids: 
OAC 10*) reduced the apparmii toxic effects, of MeBT; OAC 
addition nearly restored tho baseline activity of digesters fed MeBT (500 
to 1000 mg/L). Wcur Exvtom. Res., 73, 72 (2001). 
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Background 

Bemotriaroie derivatives are corrosion inhibitors that are uni- 
versally present in an tare olive antifreeze, brake fluids, metal- 
cutting fluids, industrial cooling water systems, and aircraft deic- 
ing fluid (ADF). Industry specification n e q a lr o a that corrosion 
inhibitors be included in ADF (SAE, 1997), and methylbenzctrio- 
zo3e (MeBT) is the compound that is most often used. In addition 
to its cc*io«ion-lnhibiting properties, MeBT la added to. ADF to 
reduce the flammahtlity hazard created from the corrosion reaction 
thai .occurs when glycol solutions come into contact with metal 
components carrying direct uuucm (Downs, 1968). The MeBT 
used in modern ADF is a mixtare of two isomers: 4-methyiben- 
zotrLaznte (4-MeBT) and S-methytbenxotriazole (5 -MeBT) (Figure 

"IX The U.S. Errvinamental Protection Agency (U.S. EPA) re- 
cently conducted a study of airport deicing practices to evaluate 
whether national effluent herniation guidelines and standards are 
wanaitferf for deicing operations {L\S. EPA, 1999). The first draft 
of the report provided toxicity data for MeBT, but did not lactase 

' rw^ ywiwwuHnfi^ftft .for sfifloent guidelines or |*e rp^-iit standards re- 
narding this compound. 

Methylbenzotriaaole is a weak organic acid (negative logarithm 
of association constant, pJtT. = 8.8), which complexes strongly 
with some metals. Sorption of MeBT to organic carbon is antici- 
pated because of its relatively hydrophobic nature (log of octanol- 
waier partition coefficient, K 9 „ > 2) (PMC, 1996). The only 
mformation available on the potential environmental fate of MeBT 
is from a U.S. patent, which claims that, in cooling tower waters 
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with sufficient oxygen, 3 -MeBT is not stable whereas 4-MeBT is 
recalcitrant (Rao et al., 1996). Peer-reviewed bt era tore has impli- 
cated corrosion inhibitors as the agent* imparting significant mi- 
crobial toxicity to ADFs (Cancilifi et al., 199-7 and 1998, and 
Cornell et al., 2000); these compounds were identified as tnu- 
romers of benzotdazole and its methylated derivatives. Toxic 
responses of fish, xooplsnkton, and soil and marine bacteria have 
been recently observed with exposure to the concentration ranges 
of benzotrJbazolea measured in ground and surface waters at large 
airports (Le,, > 10 mg/L) (CaaoiUa et al, 1997 and 1998, and 
Cornell et al, 2000). 

CoTicereiRg deicing waste streams and associated runoff, past 
research has focused on the aerobic treatment of glycols in ADF, 
but has not included an investigation into the treatability of the 
other special-purpose chemicals present in modem ADF formula- 
dons, ccJJeedveJy known in the industry aa Ad Pack. These chem- 
- icals are present in significant concentrations (> 1% w/w) in 
drsrnestic^marlost-grade ADFs and the memylbenzorrlarole frac- 
tion alone is at or greater than 0.3% by Industry specification 
(SAB. 1997). Previous research has shown that ADF waste can ha 
treated with some noocUftestions to traditional aerobic wastewater 
treatment processes. However, severe disturbances have been re- 
ported when shock loadings of ADF waste have been introduced so 
some fad titles and whan low wastewater temperatures have been 
sustained in (ho presence of ADF (Krurnslck at al, 1994, and 
Sabeh and Narasish, 1992). Long solids retention times provided 
by a batch- loaded aerobic fluldlzeoVbed reactor were required to 
successfully treat stortnwater coantining ethylene glycol (SaSer- 
mnnctal. 1998). hUtscfckeet al. (1996) found mat activated sludge 
had to be adapted to ADF waste for several days to meet biochem- 
ical oxygen demand (BOD) and chemical oxygen demand (COD) 
discharge limits. The negative effects on wastewater treatment 
facilities caused by shock loadings of ADF i 
some utilities to begin enforcing strict discharge limits s 
ing substantial fees to treat ADF-conteining waste streams from 
airports. As a result, airports and afrbases are investigating alter- 
native treatment merhods for ADF wastes. 

Because of the extremely high oxygen demand associated with 
the glycol content of deicing lands, ADF-ccmtsialng waste streams 
have been considered for anaerobic treatmenl la lagoons and 
high-rate digestion systems. The primary eossdmaat of ADF 
waste, propylene glycol fPO), has been shown to be easily de- 
graded under anaerobic coaditicms (Veltman et al* 1998). At 
Albany County Airport (Albany. New York), aa anaerobic flutd- 
ixed-bed reactor (AFBR) with activated carbon as the support 
modrurn has been dAdicansd for the treatment of ADF waste. 
Poring pilot testing, 92 to 99% GOD removal with a loading rats 
aa great aa 15 kg CCttVm 3 -^ was acmeved (AST at al., 1998). 

Water Envkonmortt Research, Volume 73, Number 1 
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There ate no data available* however, on the fate etid treatability of 
the spedal^niipow chemicml additives present in modem ADF or 
their effects on die btodegredation rates of the glycols that com- 
note most of the ADF. 

Some wastewater thai shows good potential tor anaerobic treat- 
ment, like ADF waste, may contain levels of certain chemicals that 
are toxic to anaeroWo bacteria .of .arc otherwise himbitory to the 
anaerabie digesrsbn process. A typical inechanlaxn for anaerobic 
process toxicity ia the advene effect of a substance ofl metfvano- 
gerdc activity. Methanogenjc bft4*erhu in particular, arc considered 
sensitive microorganisms in the consortium of obligate anaerobic 
bacteria grown In anaerobic digesters and are often the pbyhun 
most adversely afreet by a toxicant (McCaxty, 1964). Classical 
anaerobic toxicity assays survey indirect indicators of tnerhano- 
acnic toxicity such as accumrfation of volatile fatty acida (VFAs), 
reaction in methane production, or decreased suhim^ removal 
efficiency (Lo and Hcgemann, 1998; Owen et ai.. 1979; and 
Uberol and Bhanactairya, 1997), The UroJtationa o f traditi onal 
toxicity assays prohibit rigorous investigation* to the reaponsa of 
the nncrobial corrmnmiry in anaerobic treatment system s when 
challenged with inhibitory waste, streams. An uiusentanxflDgof 
microbial coinrnunixy structure and Its effect 00 treatment effi- 
ciency is essential for the development of successful treatment 
processes (Raskin et al.. 1994a). Indirect indicators of araeroWc 
toxicity (chernical markers) may be unstable and may not provide 
hrfornudion on the viability of the specific microbial conuniurtea 
responsible for carrying out anaerobic treatment. 
The application of comparative ribosomal RNA (iRNA) ee- 
. queue ing diminntes problems of ctihurability and permits the 
direct study of microbial ecology in natural and entfneered sys- 
terns (Otrfatenaen and Poulacn, 1994; Pace et aL, 1986; and 
V/aaner et al.. 1994). Quantification of the activity of bacterial 
J^Zkam<^b^eitinateA 6om hybridisaiion of labeled ofigo- 
nucleotide probes to rRNA. The cellular ribosome content and. 
consequently, the rRNA concentration vary with growth rate. 
"Toxicity to specific populations can be identified directly by a 
noted reduction in number of cells or microbial activity (as judged 
. Ky RNA content). Single cells can be Iderrdfted and -ojianttfied 
based on whole-cell hybridization of ^orescent-dye oUeormclec- 
tlde probes to rRNA (Arnman et at. 1990; Raskin et aL UMa; 
and Spear et aU 1999). Whole-cell hybridization allows Individual 
members of consortia to be identified and enumerated intact 
Therefore, changes to community structure caused by mvmmmen- 
tal conditions and. inhibitory substances can be tttonltored. 
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Research Otrjecdves. Ibis research had three objectives: to 
investigate use effects of the corrosion inhibitor (MeBT) added to 
ADP an snaerobic microbial conuTtunrtiea actively co-d3gesting 
wastewater sludge and the main ingredient of ADF, PG; compare 
the toxic response of MeBT as Judged by conventional anaerobic 
toxicity assays to the response mtficoted by quantitative fluorescent 
in situ rrybrldrr^uon (FISH) with pbytogeaetic probes; and deter- 
mine ibe fate of MeBT through anaerobic digestion. 

Material* and MrtMCfca 

Bench-Scale Aaaerobie Digesters. Two bench-scale anaerobic 
digesters were established In 4-1- Briemneyer flsaka. The digesters 
used in this research were seeded with actively dusting sludge 
collected from the 6.4 X 10* mVd Boulder Wastewater Torment 
Facility CBWWTP) in Boulder, Colorado, which is a trickling 
flher-Bolida contact facility with roesopMMc anaerobic digesters, 
laboratory digesters were stirred InterrmJtently with Teflon-coated 
atir bars (1.5 cm diam. X 20 cm length) and shaken vigorously 
every 48 hours to ensure adequate mixing. The digesters were 
operated at 37 ± 2 °C. These bench-scale digesters were mahv 
tarnod with a feed of sludge tram rrfimary acdimerrtatian tanks (at 
BWWTP) amended with FO (WWb of total COD). An occasional 
pH adjustment was necessary to stabilize the bench-scale digesters 
when acclrrnating them to PO; pH was inaintained at 7 0 ± 0.2 
units through additfon of sodium bicarbonate (75 g/L). These 
digesters were operated at a 15-day solids retention time (SRT) f« 
a poriod of 6 months before dhalfcmging their PG-sccbmated 
biomass with MeBT. The PQ-BoeBmated biomass was used for 
both smptioo assay and snaerobio toxicity assays of MeBT. Op- 
erating parameters of these bench-scale digesters are listed m 

Table 1. 

Sorption Stadia* Batch experiments were performed to chsr- 
. acterixef the sorplive behavior of MeBT in anaerobic digesters. 
' Under a beadspace of 20* CO* balanced with 10 ml of 
digesting sludge was pipetted Lnto a 40-mL scinunsnon vial con- 
tainlng ulrrapure water (Milli-Q. MuBpore Cotfwration, Bedford. 
Massachusetts) and MeBT. Headapace waa eliminated, and vials 
were sealed with screw caps contanung Teflon-coated Inserts, The 
Bummnm time required for complete sorptioo was detexrrined In 
prelirninary exnerirnents. After 36 hours of exposure to digesting 
Kludge, soluble 1 MeBT coricenrretion remained tmcfaanged. The 
vials with varyiog/ concentrations of MeBT (100 to 1000 mg/L) 
were allowed to ecjuilihrate on a shaker tabte^at 37 ±Ti 
tppoxhuaxely 48 hours to eoar— - ^ ™ p "* 

waa tJrepaeed in Triplicate. 



Table 1 



tr operating parBmetarra.* 



Units 



Loading Roto mo COO/LtJ 

AfllaSNty moCaCOa/L 

Methane % 
Carbon cfodde . % 

Terr.peiafcse . " c 
volatile tatty acids 

(CarCs) 

VdafcUe aolkJs gA. 



9960-7500 


7350 


a9-7.2 


7j0 


1500-2800 


2000 


60-79 


71 




31 


. 36-30 


36 


180-225 


200 


2.5-3.7 


3 



• Solids retention time - 15 days. 
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Anaerobic Toxicity Assays. The rrxdhodi repotted by Douloo 
et aL (1995) woe modified according to the following procedure*. 
Toxicity uiayi were carried out in 125-mL serum vials (Wbeatoa 
No. 223748, Mlllville, Now Jersey) with gray buryi. rubber stop- 
pen and 20- mm ahuninuro crimp seals. Digesting sludge (75 mL) 
was pipetted into Bcrom vials last served at easily replicated 
digester microcosm. Metiryfoen2Dtriazole (0 to 1000 mg/L final 
cencemration) was added to each microcosm. A mixture of pri- 
mary sludge coutrate and PG wis used ea substrate (total vol- 
ume — 6 mL, COD added =» 17 000 mg/L). Each senum vial was 
topped off with Milli-Q teaviog a 25-tnL heads pace. The head- 
apace waa flushed with 209b CO, balanced with Ha before incu- 
bation. Each sample was prepared in triplicate. The microcosms 
were allowed to digest fox 48 hours on a shaker table at 37 ± 2°C. 

After the bridal 48-hnur incubation, the serum vials were fed 
again, and methane monitoring began. The hcadspace of the serum 
vial was Bushed daily with 20% CO^ balanced with Ha for accu- 
rate monitoring of methane production- Head space methane pro- 
duction was analysed following this second feeding at 3, 6, 9, 12, 
16, 24, and 36 hours, and then daily for 5 days to observe the 
response to the toxicant (MeBT). Total sarfcb (TS), volatile solids 
(VS), COD. aad VFA analyses were performed at (he beginning 
and end of the incubation period. The serum vial microcosm 
experiment was repeated with the addition of granular activated 
carbon (DAC) to the cultures (VSrGAC. - 10%) for 0, 500. and 
1000 mg/L McfiT. A one-Oiled, paired /-test (a » 0.05, whose a 
is the probability that. the two averages are not statistically differ, 
art) was used to rifirrrninn whether there were significant differ- 
ences among the cumulative methane, VS. and VFA* produced in 
microcosms containing varying concentrations of MeBT, GAC, 
and those serving as controls <no MeBT). 

Methane. Headspace Mogas ccmccrrrrations were analysed cat- 
ing a gas ctvumatograph with a thermal conductivity detector 
(TCD) (Gow-Mac Instrument Co., Bethlehem, ^ennsytvania). The 
GC was fitted with a 3 mm X 2,4 m Haysep Q capillary column 
(Supeko, Inc.. Bdtefonue, Pennsylvania), and column temperature 
was nssirrtsdned at 80 °C The flow rale of the carrier gas, helium, 
was 20 aiLmtin. The TCD temperature was maintained at 100 °C 
A prrsrinnl computer was used to record and measure the data 
generated (Peak Simple, SRI Krtsrrurrients, Torrance, California). 
Injections were made with a 250- ul. gastight syringe (Hamilton, 
Inc. Reno. Nevada). 

Methylbeaszatxiaaole. Analysis for MeBT concentradnn in di- 
gesting sludge waa performed using a Shlraadxu (Columbia, Mary- 
land) high-pressure liquid chramatbgraph fitted with a LTV detector 
(at a wavelength of y w % Samples were centrifuged and the 
centrata was filtered (0.2 |im) before analysis. MeBT separation 
* was achieved iscersticaUy using an Incctsu* ODS-3 250 * 4.6 mm 
> column (MetaChem Technologies, Ine^ Torrance, California) and 
an ehiant composed of S0% tnethanol, 49% MI111-Q. and 1% acetic 
acld'(v/V) at a flow ram of 1 .5 mLAnln and an injection volume of 
20 \iL. The method detection limit was 0.3 mg/L MeBT. 

Volatile Fatty Adds. Volatile ratty acids were measured using a 
gas chrcroatofiraph (HP3890, Hewlett Packard, CorvalUa, Oregon) 
Sued with an SPB-1000 capillary column (Supelco, Inc.}. Nitmgtt 
was used as the carrier gas (20 mUrrdn) Column, injector, and 
detector tBmpcraujjcs were 185, 220, and 250 °C respectively. Sam- 
ples were centrifuged, and (he ccraxete was filtered (0.45 uns) and 
acidified (pH < 2) with sulfuric acid before analysis. 

Fluorescent In Stat Hybridization. Two oligoojocleotide 
probes, circurnscribirtg the domains Archaea and Bacteria, were 



Table 2 — Olgcractootkie probes. 



Td,«C 



ARC915: Arcftasa 


S'-GTQCTCCCCCG OGAATTCCT 


5S 


(Stahl and Amann. 






1991) 






Label: CY3 


Target Sfto: (915-924) 




EUB33& Bacteria 


5'^CTGCCrCCCGTAQGAQT 


52 


(Amann et al., 






1990) 






Label: Oraaen 






Greer 


Target Site: (338-355) 





used for FISH analysis (Amann et aL, 1995) on anaerobic digest- 
ing sludge samples (Table 2). These oligpmiclootides (Qenasyi 
Bioiectoologies. ma. Woodlands. Texas) have been well charac- 
terized sjod used successfully In many environments, ioctudinj 
anaerobic digesters (Amann et aL. 1990; Mertoel et al, 1999; 
Raskin et aU 1994a and 1994b; and Stahl and Amann, 1991 ). 

Cell Fixation and Wheto-CeO HybridtertJan. CeD fixetion 
and hybridization methods were modified from those previously 
reported by Raskin et aL (1994e and 1994b). The fixative was 
prepared immediately before use. Approntirnntnly 2 mL of sample 
were withdrawn from irdcrocosius using a 5-mL syringe fitted with 
a 20 gauge needle and tranarerred to a 1.7-mL mlcrocentrifhge 
tube. Samples were sonicated for 10 minutes then centrifbged at 
500 r/miti for 3 minutes. One milRUter of (he oentrate was trans- 
ferred to a new nricrocentrttuge tube and centrifuged at 7000 rVmln 
for 2 minutes to form a pellet. The centzate was poured off and 
cell! were resnsponded in fixative. The fixed ends were stored at 
-20 a C fur up to 7 days before microscope enumeration. Fixed 
cells jwcre added to trybridizeiloa solution with appfoxlmatety 4 
jjlL of fru<rrescentiy labeled c4igoancteotide probe at 0.5 ug/uX 
and incubated at 37 ± 2 *C for 12 to 1& hoars, Colis were then 
placed in an oven for 30 minutes for washing at the published 
hybridization temperature (Table 2% 

Filtration end Emsmeration. Hybridized cells were filtered 
through a OJ2-u.rn black polycarbonate filter (Paretics, Cat. No. 
K02BP02500, Oakley, California) backed with a 5-uxn silver 
membrane (Osmomcs, Cat. No. 46630, Oakley, Calif ornia). To 
facilitate a uniform distribution of bacteria on Alters, approxi- 
mately 25 mL of filtered (0.2 pm) MDH-Q was placed in the 
filtration funnel before addition of the hybridized cells. Between 
100 and 250 uL of hybridized ceils were plperted into the fitter 
funnel, and 4' ^£aiiucUi»>-2-pbrnyiii>doIe (DAP1) was added to a 
final concerrtretlon of 5mM. The solution was carefully mixed with 
apipettor. After 5 minutes of contact with DAPL the sarnples were 
Altered and allowed to dry before placement on a frosted slide. A 
drop of lsrrflusmon oil. was dispensed between the slide and the 
covcrsUp, and slides were stored in the dark before viewing under 
the microscope One slide waa pr epar ed for each of the triplicate 
batch assays. A minimum of seven fields and 350 of each Quo- " 
rescemtiy libeled nticroorganlsm (ARC915. EUB338. and DAPI) 
were counted per slide The ratio of the number of the cells b 
domains Archaea and Bacteria to total DAPI counts were used for 
compar in g sample cultures. 

Rse ufts 

Batch Sorption Sfndtea. A FreimdUch isotherm described the 
soTptive behavior of MeBT. on anaerobic digesting sludge in the 
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Ftaur* 2-8ocptlon of MbBT to dlQaater eludae. Error 
bare npment 99% confklencv Intarvala; J7 * reoroseJon 
«>^ttotent; X/M - mg of .orbed MeBTTg VS; and C. = 
equaoua concentrator) of MeBT. 

cancencmiior. range observed. Between LO and 30% of the McBT 
(100 to 1000 mg/L) fartroducod to the eystetna scrbed to the 
dio«tiflg sludge, which was on average 1.5% TS. Both 4- and 
5-MeBT isomers aorbed to anaerobic digester sludge; a FreuadHch 
Isotherm model deacribed this sorption. Expertinentol result* are 
summarized In Figure 2. 

Mtthvtbenzotriaaole StaMmr. Both 4- sad 5-McBT perskted 
In .11 microcoems and bench-scale digesters. No breakdown of 
McBT was detected during any of the anaerobic toxicity assays ox 
in bench-scale anaerobic (hgestere inarnmined to observe the be- 
havior of MaBT over «n IB-month period. 

Anaerobic Toxicity Aasaya. The MeBT waa added to aaaerabic 
microcosms in uKroaeing coaccrrtfaticM <100 to 1000 mg/L) to 
assess anaerobic toxicity. Cumolarive methane prodndioo was 
measured for a period of 5 days following staged feedings of 
digester truoocosnui. Mcihar* rirodactkmdccTc«^ 
jncnsaici in MeBT conccQtrnticm. Compared to dlgMter* fed only 
settled domestic wastewater and 1*0. McBT oonccntrnliom of 300 
mg/L and greater caused a stainaically algnrflcant decrease in 
methanogenlc microbial activity after approxinutfcly 30 hours of 
mcubadan (one tailed rtest, a. = 0.03) (Figure 3). In microcosms 




Th-ft«* 

Reure 3— Methana production In artaaroWc djoeeter ml- 
B with tffTerarrt MaBT «**erttrartoi». Error 

x 1 atari dard error. 




Figure 4— Methane production In anaerobic dlcester mi- 
crocosms with different MeBT concentratlone m the 
I Of OAC (VS:GAC o 10%), Error 



x 1 



containing approximately 1000 mg/L MeBT, methane production 
waa Less than 50* of the control. As shown in Figure 4, addition 
of OAC (VS.QAC - 109*) to microcosm* containing Identical 
concentrations of McBT resulted in a statistically significant In- 
crease in methane production (one tailed Meat, a - 0.03) com- 
pared to control systems without OAC Methane production from 
microcosms containing 500 mg/L MeBT la the presence of GAC 
increased 250*. Howew, the methane production in the presence 
of GAC (no MaBT} waa significantly lower than ±0 control (no 
GAC and no MaBT). Error bars represent ± 1 standard error 
around the mean of triplicate measurementa except where other- 
wise noted. Ia some instances, error bars were smeller than the 
symbols. 

Volatile Sottas Production. The change ia VS <l.e., observed 
yield) typically decreased over the duration of me microcosm 
experiments in response to increases ia MeBT concentration (Fig- 
ure 3). At IO0 mg/L MeBT or greater, a statistically sJgnfficant 
decrease in VS was observed (ons^alled Meat, a - 0.05). There 




Figure 5— Change In VS corteentrattorm during anaero- 
bic toxicity aaaaya. Error b*re represent * 1 a^midarel 
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3 

J' 




500 



Figure 6— Chang* In VS concentration* during anaero- 
bic toxicity assay* In ths presence and absence of QAC 
(VSGAC - 10%). Error bar* represent * 1 standard 
error. 




Figure ft — Relative 
aic reeling 
toxicity assays* 



response of Aroheee and I 
of MsBT during 



was a, net loss of VS when MeBT concentrations were 1000 mg/L. 
Compared to cootzol ay resma, OAC bad a significant effect on VS 
production when MeBT was present (Hgure 6). In the absence of 
QAC, there was a decline in VS over the deration of the anaerobic 
toxicity assay at 300 rod 1000 mg/L MeBT; however, the addition 
of OAC in the presence of 300 mg/L MeBT resafced in an Increase 
in.VS production during the period of observation. The VS In- 
crease of the controls (no MeBT) was significantly greater in the 
presence of GAG. 

Volatile Patty Add Formation. Figure 7 nnnraarlzes the VFA 
(Cj to C,) concectnliona in microcosms with varying concentra- 
tions of MeBT (100 to 1000 mg/L). Total VFA amceniratiini was 
cafcolaied by summing all of the measured VFAs. Valeric, butyric, 
and iaobutyrie acids were only measurable in microcosm » contain- 
ing MeBT. Propionic add is an tatsnn&dialc in the anaerobic 
biooegrndssioa of PQ (Vehman et si.. 1998). Propionic acid was 
formed in response to MeBT and composed roost of the total VFAs 




total VFAs 
arapfaralc acta 
acitic add 



MflBT(rn|/L) 



500 



IN* 



Figured— Effect ol MsBT ccrnoantratlon on VFA forma- 
tion during snasjcobtc toxicity assay*. 
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for ail samples containing MeBT, Propionic and total VFA con- 
centrations increased in response to increasing MeBT levels up to 
500 mg/U however, at 1000 mg/L MeBT, propionic add and total 
VFA concentrations showed a sharp, statistically significant de- 
crease. Total VFA and propionic acid conceanztiorui were signif- 
icantly Dsdsccd in the presence of OAC. In all cases, standard 
errors of VFA analyses were leas than 10% of the calculated VFA 



FTuorescerjt In Sim HyorUSzatioa. Figure 8 presents the effect 
of mcreoaiog MeBT concentration on the numbers of active cells 
in the domains Archaea and Bacteria during * 3-day in 
period. The number of active cells in the domain ) 
ftppro^matety twice the cumber of active cells to the domain 
Arehaea when no MeBT was present or below the toxicity thresh- 
old (< 300 mg/L). At 1000 mg/L MeBT. the EUB338 ARC913 
ratio decreased significantly (from 1 to OS) within 12 hours and 
remained at appro jdmattly 0-5 for the subscqneut 4 days . At a trigh 
conrartration 0000 mg/L MeBT), the members of the domain 
Bacteria present in the digesters were mom sensitive m MeBT than 
were the member* of me domain Archaea. 

Direct microscopic measurements of fluorescent phyla genetic 
probes applied to digesting bio mass revealed that members of both 
the domains Archaea and Bacteria present in the digester micro- 
cosms were sensitive to MeBT (Figure 9). The percent of active 
Bacteria (EUB33B:DAP1) and the percent of Total active cells 
((EUB33S+ ARC915)-.DAPt] decreased in response to increasing 
MeBT concentration. Aa judged by DAF1, the rxanber of total 
DN A-contfldning cells chopped significantly in response to MeBT 
(MeBT > 300 mg/L). The percent of active Archaea (ARC91S: 
DAFT) increased slightly at 300 and 1000 mg/L MeBT; this was 
the result of cenenrrent but greater loss of active aa cm ba* of the 
domain Bacteria and toss of DNA-containmg cells (DAFI) In 
response to greater MeBT concentrations. la all enact, the standard 
error of the ratk> was less than 11% using standard propagation of 
random error calculations (MsDer and Miller, 1988). 

Discussion 9 

In batch studies, the log-linear sorption of MeBT to anaerobic 
digesting sludge was significant at 1.5% TS. The Fscnndiich con- 
smuts were lm (slope) = 0.93 and K f (adsorption coefficient) - 
0.31. These results suggest that, depending on sobds retention time 
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Figure 6 — Archaea and BftcMrta 48-hour response to 
Increasing concentrations of MeBT during anaerobic 
toxicity assays. 



and loading rales, accumulation of MeBT may occur in anaerobic 
digesters because of Ha sorptlve Immctlon with digesting solids. 
In the presence of GAC (V5:GAC - 10%), no MeBT was found 
Jn the liquid phase (0.45- um filtered) under any conditions, sug- 
gesting thai MeBT may be sequestered out of the liquid phase by 
GAC. 

' The MeBT inhibited (ha methanogenic activity of otherwise 
healthy anaerobic biomas* co-digesting PG and tented wastewater. 
A toxicity threshold, defined as the coneeotr at ton where a statia- 
tically significant decrease in methane production was measured, 
was observed at 300 mg/L MeBT. As MeBT concentration* in- 
creased above this j*w»«hftlHi methane production significantly 
decreased; high cooccnizatsoas of MeBT (1 000 mg/L) were inhib- 
itory to methanogenic activity, reducing it by more than 509 
(Figure 3). 

Many deicicg operations discharge their waste directly to local 
wastewater treatment fecilities through sanitary sewer systems. 
Same airports and military airbases are Instituting on-site treat- 
ment alternatives for ADF-coatshiihg wastes (eg., Albany County 
Airport) and most are attempting to collect ADF waste at the point 
of application, resulting in more concentrated waste streams. De- 
icing operation* typically produce ADF wastes with strengths 
. ranging between 1 and 15% of the original PG concentration (1 5% 
is the level that mafeei PG recycling econcnikaJJy viable). Anaer- 
obic treatment systems accepting flows from deicicg operations 
may receive ADP waatc containing 6% PG and approsimateSy 300 
mg/L MeBT, which was the toxicity threshold observed in these 
experimental systems. This corresponds to market-grade deocing 
fluids diluted between 6 end 60 limns, with Inhibitory effects 
becoming apparent at dilutions of approximately 20 times. 

Granular activated carbon addition aignmcantly reduced the 
adverse effects of MeBT on mtfophttic digestion. Volatile solids 
production (Figure 6), VFA accnrrmlatLon, and methane produc- 
tion (Figure 4) were all maintained near levels observed in the 
control systems when GAC was present* Anaerobic systems can 
treat wastewater that contains a toxicant if the toxicant is seques- 
tered or chelated (Le„ not biologically available) under treatment 
conditions. In these experiments, the activated carbon, added to the 
microcosms adsorbed the MeBT and apparently reduced its avail- 
ability to digesting bsomass. n rhl g arrn g the negative effects of 

jarxjary/Febaiajy 200t 



Gruden etal. 



MeBT on the digestion processes. Anaerobic flwdircd-bed reac- 
tors using GAC medio have been reported to successfully treat coal 
gasification waters containing relatively toxic nitrogen- conjugated 
aromatic compounds (B ere h told et al, 1995. and Wang et sL, 
1994). Highly inhibitory wastewater containing chlarophenoh and 
2,4-dmkroloirxnc has also been treated effectively using anaerobic 
flukhzed-bed reactors (Berchtold et al, 1995, and Siridan et aL, 
1996). In this research, the addition of OAC effectively increased 
the toxicity threshold of hlomass digesting a waste scream coo- 
tnhrmg MeBT by decreasing its armeons concentration. The dif- 
ferences in methane production observed between control micro- 
cosms with end without OAC may be attributed to decreased 
substrate availability caused by sorption (Figure 4). In addition, the 
increased VS ob se rved in the controls with the addition of GAC 
may be the result of the development of additional biomas b at- 
tached to the OAC or the sequestering of other potentially toxic 
substrates in the feed sotnrino (Figure 6). 

Three different stains were used to determine the relative re- 
sponse of digrrrtng bkzmase to increasing MeBT couceruretions; 
two phylogenerjc probes were used to hidepesdeatly track the 
activity of members of the domains Archaea and Bacteria, and 
DAPL a nonspecific DNA Intercalating agent, was used to deter- 
mine the total numbers of cells present regardless of their activity. 
The two dornam-level probes were chosen because they circum- 
scribe the largest collective domain? of bacteria present in anaer- 
obic digesters, which in turn correspond with two primary classes 
of microbiological activity mat occur dining anaerobic digestion: 
acjdogenesai and m e<h*PO g w cf« *» Conventionally, the activity of 
aodngenic and methanogenic populations in anaerobic digesters 
has been monitored indirectly using VFA and methane measure- 
ments collectively. The probe ARC915 was chosen in this work 
because methanogera are the only Archaea that are not found in 
eortTBjne e n v ir o nm ents (eg. , theorxrohilea). Although the true ecol- 
ogy of addogenic bacteria has not been comprehenftivery de- 
scribed, the docnalD-levei BUB338 probe was a Bed to measure the 
activity of other nnnmethaDoeeinc bacteria present in (he digesters, 
hiding arddogenlc populations (Meckel et aL, 1999}. 

The MeBT had a significant effect on the digesting biomass as 
fudged by the recovery of these sensitive biological stains. The 
total number of cella containing DNA (DAP! counrs) decreased by 
approximately IS ± 2% in the range of MeBT coocentmtions 
greater than 500 mg/L. Thli suggests that MeBT caused the lysis 
of cells at more then this concentration or that MeBT changed the 
cnrtforjmstlon of Intracellular DNA. At a high concentration of 
MeBT (1000 mg/L). the microbial ecology in the anaerobic tox- 
icity assay changed; Bacteria became the dominant population 
CEUBiARC «* 2.0} (Figure 8). Through the range of concentrations 
observed (100 to 1000 mg/L MeBT), nhylngenedc probes con- 
curred with traditional toxicity assays, Indicating that members of 
the domain Archaea were sensitive to MeBT (Figure 9). At MeBT 
concentrations less than 300 mg/L. MeBT bad a greater effect on 
mernbers of the domain Archaea than members erf the domain 
Barteris; tins is supported by the direct counts of proce-hy brid6zed 
bacteria (nonnalired to DAFJ) and rocreascd VFA levels observed 
in this concurtratlon range.. 

Analyzing the data from the anaerobic toxicity assays (such as 
methane production) did not give complete information on the 
effect of MeBT on the ecological response of the rnesophiEc 
anaerobic digest era used in this study. The decrease in methane 
production indicated sensstirvity of tneahbera of the domain Ar- 
chaea to MeBT at all cortcestraubos studied- Mensvuernents of 
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fluorescent r^rytogenctic probes (Flgcre 9) and VPA concentra- 
tion* in response to increasing MeBT levels suggest that members 
of the domain Bacteria present Lti the digesters even sensitive to 
MeBT at all concentrations studied, and that they were as sensitive 
or more sensitive to greater concentrations (> SOD mg/L) of MeBT 
then wore members of the domain Archaea. At 1000 rag/L MeBT, 
VFA production was ngmficanily lower than at 500 nag/L. Volatile 
solids and methane production response were also kw in this 
concentration range. The VFA and probe data confirm that both 
acldogcaic and methanogeoic peculations were inhibited at con- 
centrations greater than 500 rog/L (Lo and Hegeraann, 1998). 

Conclusion* 

Significant undents of the MeBT fed to anaerobic digesters 
soxbed to digesting sludge. Between 10 and 30% of the MeBT (100 
to 1000 mg/L) intnxfaced to the system sorted to 0)0 digester 
stodge (1.5% TS). Both 4- and 5 -MeBT sorted to anaerobicsih/ 
digesting sludge; this sorption was well ■pproxlraattd by a Freun- 
dlicfa isothemi model according to the following empirical rela- 
tion: log X/M - 0.93 log C, + log 031. No breakdown of MeBT 
was detected during any of the anaerobic toxicity assays or lo 
bench- bc ale anaerobic digesters maintained to observe the behav- 
ior of MeBT over an Ift-month period. These observations suggest 
that MeBT U recalcitrant to anaerobic degradation and will likely 
be present hi digester supernatant. Digesters fed MeBT concentra- 
tions greater than 300 ong/L icaponded with a significant decrease 
la xnethatwgcoic microbial activity and VS production and a 
- concomitant Increase of VFA coorcfitfations. Direct microscopic 
measurements of fluorescent phyla genetic probes applied to di- 
gesting Unraass revealed that (a) at concentrations of 100 mg/L 
and greater, members of the domains Archaea and Bacteria were 
sensitive to the presence of MeBT and (b) metnheiH of the domain 
Bacteria present Id tbe digesters were is sensitive ox more sensitive 
to MeBT than were members of the domain Archaea it conceit- • 
nations greater than 500 mg/L. The results observed for population 
activity measured by FISH corresponded no those observed for the 
anserine toxicity assays; however, the anaerobic toxicity assay 
could not resolve concurrent toxic responses of cells from both 
domains (Archaea and Bacteria). The addition of OAC to an 
anaercWc treatment system for ADF waste may diminish the toxic 
effects of MeBT and eliminate MeBT from the effluent. 
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